IGF1-a small, single-chain, secreted peptide in mammals-is essential for normal somatic growth and is involved in a variety of other physiological and pathophysiological processes. IGF1 expression appears to be controlled by several different signaling mechanisms in mammals, with GH playing a key role by activating an inducible transcriptional pathway via the Jak2 protein kinase and the Stat5b transcription factor. Here, to understand aspects of Igf1 gene regulation over a substantially longer timeline than is discernible in mammals, Igf1 genes have been examined in 21 different nonmammalian vertebrates representing five different classes and ranging over ;500 million years of evolutionary history. Parts of vertebrate Igf1 genes resemble components found in mammals. Conserved exons encoding the mature IGF1 protein are detected in all 21 species studied and are separated by a large intron, as seen in mammals; the single promoter contains putative regulatory elements that are similar to those functionally mapped in human IGF1 promoter 1. In contrast, GHactivated Stat5b-binding enhancers found in mammalian IGF1 loci are completely absent, there is no homolog of promoter 2 or exon 2 in any nonmammalian vertebrate, and different types of "extra" exons not present in mammals are found in birds, reptiles, and teleosts. These data collectively define properties of Igf1 genes and IGF1 proteins that were likely present in the earliest vertebrates and support the contention that common structural and regulatory features in Igf1 genes have a long evolutionary history. (Endocrinology 159: 2288(Endocrinology 159: -2305(Endocrinology 159: , 2018 
I
GF1 is a small, single-chain, secreted protein produced in most vertebrate species (1) (2) (3) (4) (5) (6) . In mammals, IGF1 plays key roles in prenatal development and in preand postnatal somatic growth and functions as a central mediator of the actions of GH (7) (8) (9) (10) . IGF1 also is involved in the control of intermediary metabolism independent of GH and in tissue regeneration and repair and has been implicated in cancer and other disease pathogenesis throughout life (11, 12) . It is unknown whether these functions are shared among nonmammalian vertebrates.
IGF1/Igf1 genes and IGF1 proteins appear to be conserved among mammals (1-4, 13, 14) . In mammals, these genes have been determined to consist of six exons and five introns and to share other features, including overall length (4, 13, 14) . For example, the single-copy human IGF1 gene spans ;85.1 kb on chromosome 12q23.2; several other primate IGF1 genes range from ;83.1 to ;85.4 kb (13) , and mouse and rat Igf1 genes are ;78.0 and ;79.3 kb in length, respectively (14) . Igf1 gene expression has been studied predominantly in the latter two species, in which multiple Igf1 mRNAs result from mechanisms that include gene transcription from two promoters, transcript initiation at several 5 0 start sites in each promoter-specific leader exon, alternative RNA splicing, and differential polyadenylation (15) (16) (17) (18) . The IGF1/Igf1 mRNAs found in mammals encode six different versions of IGF1 protein precursors, with variation found in the N-terminal portions of their signal peptides and in the C-terminal parts of their extension peptides or E domains (4) . Nevertheless, these differently characterized precursors contain a single mature IGF1 protein (13, 14, 19, 20) .
GH is a critical regulator of IGF1/Igf1 gene expression in mammals, consistent with its physiological role in controlling somatic growth (7, (21) (22) (23) . GH binds to the extracellular face of its specific transmembrane receptor and induces the enzymatic activity of the Jak2 tyrosine protein kinase (24, 25) , which in turn leads to phosphorylation of intracellular tyrosine residues of the GH receptor and recruitment of several signal transduction cascades (24, 25) . Among these pathways, the Stat5b transcription factor plays a key mediatory role in the stimulation of IGF1/Igf1 gene expression by GH (26) . Subsequent to its activation by Jak2 on the GH receptor, dimerized Stat5b tracks to the nucleus and acutely binds to multiple putative enhancers in chromatin within the rat Igf1 locus and at other GH-responsive genes, leading to rapid activation of their transcription (27) (28) (29) (30) . Because inactivating mutations in the human STAT5B gene have been characterized in individuals with growth failure and IGF1 deficiency (31, 32) and genetic loss of Stat5b in mice causes growth deficiency (33, 34) , it seems likely that similar molecular mechanisms exist in other mammalian species, a concept supported by conservation of putative Stat5b-binding elements in DNA within IGF1 loci in primates (13) and in other mammals (14) .
The current analyses were undertaken to define the extent of Igf1 gene conservation or diversification among nonmammalian vertebrates as a means of gaining broader understanding of aspects of Igf1 gene regulation, including possible mechanisms of action of GH over a substantially longer evolutionary timeline than has been inferred in mammals. Information was pieced together from fragmentary data in several publicly available databases on Igf1 loci, genes, and predicted or identified IGF1 proteins from 21 nonmammalian vertebrates representing five classes and extending over ;500 million years (Myr) of evolution. Results show close relationships within classes of terrestrial vertebrates with regard to IGF1 protein sequences and indicate that Igf1 genes in ray-finned fishes have diversified. Despite clear differences among various vertebrate classes, overall IGF1 protein structure and aspects of Igf1 gene organization are similar in all vertebrates analyzed. Taken together, these observations define essential features of Igf1 genes and IGF1 proteins that were likely present in the earliest vertebrates.
Materials and Methods

Database searches and analyses
Vertebrate genomic databases were accessed using the Ensembl Genome Browser (www.ensemble.org), the University of California, Santa Cruz (UCSC) Genome Browser (https:// genome.ucsc.edu), and the Sequence Read Archive of the National Center for Biotechnology Information (NCBI; www. ncbi.nlm.nih.gov/sra). Initial searches were conducted with rat Igf1 gene DNA segments (Rattus norvegicus, genome assembly Rnor_6.0), using BlastN under normal sensitivity (maximum e-value of 10; mismatch scores: 1,23; gap penalties: opening 5, extension, 2; filtered low complexity regions, and repeat sequences masked). Subsequent queries were performed with the same parameters using Igf1 DNA sequences from chicken (Gallus gallus, genome assembly Gallus_gallus-5.0), tetraodon (Tetraodon nigroviridis, genome assembly TETRAODON8), zebrafish (Danio rerio, genome assembly GRCz10), cave fish (Astyanax mexicanus, AstMex102), and spotted gar (Lepisosteus oculatus, genome assembly LepOcu1).
In addition, the Sequence Read Archive of the NCBI was searched with Igf1 gene fragments from different species in an attempt to fill in regions not detected within whole genome assemblies. Other follow-up queries were performed using conserved nonexon and nonpromoter segments of Igf1 loci identified in the evolutionary conserved region (ECR) browser (https://ecrbrowser.dcode.org/). As noted in Ensembl and in the UCSC Genome Browser, a variety of methods and approaches had been used for genome assembly and gene annotation among the 21 species queried (Table 1) . Genomes from the following species were examined: Amazon molly (Poecilia formosa, PoeFor_5.1.2), anole lizard (Anolis carolinensis, AnoCar2.0), cave fish (Astyanax mexicanus, AstMex102), chicken (Gallus gallus, Gallus_gallus-5.0), Chinese softshell turtle (Pelodiscus sinensis, PelSin_1.0), cod (Gadus morhua, gadMor1), coelacanth (Latimeria chalumnae, LatCha1), duck (Anas platyrhynchos, BGI_duck_1.0), flycatcher (Ficedula albicollis, FicAlb_1.4), frog (Xenopus tropicalis, JGI 4.2), fugu (Takifugu rubripes, FUGU 4.0), lamprey (Petromyzon marinus, Pmarinus_7.0), medaka (Oryzias latipes, HdrR), platyfish (Xiphophorus maculatus, Xipmac4.4.2), spotted gar (Lepisosteus oculatus, LepOcu1), stickleback (Gasterosteus aculeatus, BROAD S1), tetraodon (Tetraodon nigroviridis, TETRAODON 8.0), tilapia (Oreochromis niloticus, Orenil1.0), turkey (Meleagris gallopavo, Turkey_2.0.1), zebra finch (Taeniopygia guttata, taeGut3.2.4), and zebrafish (Danio rerio, GRCz10). The highest scoring results in all cases mapped to the respective Igf1 gene. Protein sequences were obtained from the GENCODE/ Ensemble databases, the NCBI Consensus CDS Protein Set (https://www.ncbi.nlm.nih.gov/CCDS/), and the Uniprot browser (http://www.uniprot.org/); when they were not available, DNA sequences were translated with the assistance of SerialCloner1.3 (e.g., platyfish). Data also were compared with human IGF1 protein sequences. Phylogenetic relationships among IGF1 proteins were determined using the MUSCLE 3.8.31 and PhyML 3.1/3.0 aLRT programs from Phylogeny.fr (http://www. phylogeny.fr/index.cgi) (35) . Results are presented in text, tables, and figures as percentage identity over entire query regions, unless otherwise specified.
Experimental strategy
Naming conventions adopted here include the abbreviation IGF1 for human or other primate genes and transcripts, Igf1 for all other genes and mRNAs, and IGF1 for all proteins. An initial assessment of nonmammalian vertebrate Igf1 genes and transcripts within the Ensembl and UCSC genome browsers revealed that most assignments seemed to be far simpler than rat Igf1 or human IGF1 (13, 14) . For example, in mammalian IGF1/Igf1 genes, there are extensive 5 0 and 3 0 untranslated regions (UTRs) in the first and last exons, respectively (13, 14) . Nevertheless, in the cod, coelacanth, frog, fugu, medaka, spotted gar, and stickleback, no 5 0 UTRs had been identified for exon 1, and in the Amazon molly, Chinese softshell turtle (turtle), cod, frog, fugu, medaka, spotted gar, stickleback, and tilapia, no 3 0 UTRs had been annotated for the last exon. Moreover, in the cod, medaka, stickleback, and tetraodon, Igf1 gene organization differed between the Ensembl and UCSC browsers, with the latter assigning fewer exons than the former, even though the same genome assemblies were being analyzed. In addition, even in the chicken Igf1, for which primary experimental data indicate the gene has five exons and two types of transcripts (36) (37) (38) , the two genomic databases showed just four exons. Thus, primary goals were to characterize all genes as thoroughly as possible and then interpret these more comprehensive data sets.
An iterative strategy was developed that started with the exon assignments in the Ensembl or UCSC browser, which, depending on the species, were based on a combination of different approaches that had been used to characterize the specific genome (see Table 1 ). Next, BlastN searches were conducted against all 21 vertebrate genome assemblies for homologous genomic regions using parts of the rat Igf1 gene as queries. Results were mapped to each vertebrate Igf1 locus and were followed by secondary searches, first using chicken Igf1 exons and the chicken Igf1 gene promoter as queries and then relying on other genes that were evolutionarily more similar to specific target species to fill in potential gaps. Final follow-up searches were performed using Igf1 exons from potential outliers (i.e., species with "extra" exons) or using genomic segments outside exons or promoter regions found to be conserved between more distant species, as identified with b Contigs and scaffolds refer to overlapping large DNA fragments; fosmid refers to specialized bacterial plasmid containing foreign DNA.
c Information on assembly is incomplete.
the ECR browser. As a result of these series of steps, substantially more Igf1 gene complexity appeared to be present in all genomes than previously annotated.
Results
An overview of Igf1 genes in vertebrates
In most mammals, IGF1/Igf1 is a six-exon, five-intron gene in which two promoters and alternative splicing contribute to a multiplicity of different transcripts (13, 14) . Igf1 organization in nonmammalian vertebrates appears to be more variable, as the gene is composed of four exons and three introns in seven of 21 genomes studied here, five exons and four introns in 12, six exons and five introns in one (cave fish), and eight exons and seven introns in one (spotted gar; Table 2 ). There is no homolog of mammalian IGF1/Igf1 exon 2 in any nonmammalian vertebrate analyzed and no corresponding promoter 2 was identified (Figs. 1-3). The overall structure of the Igf1 gene and locus in the 21 vertebrates studied appeared to fall into two major classes on the basis of exon-intron organization. In the eight terrestrial vertebrates (anole lizard, chicken, duck, flycatcher, frog, turkey, turtle, and zebra finch), a large intron separates exons 2 and 3, the exons encoding the mature IGF1 protein (ranging from 2283 to 96,049 bp) ( Fig. 2 ; Table 2 ); relatively large introns also divide exons 1 and 2 (from 1276 to 14,813 bp) and exons 3 and 4 (from 3402 to 17,783 bp) ( Fig. 2 ; Table 2 ). In the nine teleosts with five exons and four introns (tetraodon, fugu, stickleback, medaka, cod, tilapia, Amazon molly, platyfish, and zebrafish), a large intron separates exons 2 and 3, which also encodes mature IGF1 (from 4905 to 13,287 bp), but smaller introns divide exons 1 and 2 (from 950 to 1754 bp), exons 3 and 4 (from 96 to 1273 bp), and exons 4 and 5 (from 615 to 2552 bp) ( Fig. 3 ; Table 2 ). Of note, in all of these vertebrates except for the lamprey, the largest Igf1 intron divides exons 2 and 3 precisely after the first nucleotide of codon 26 of mature IGF1. This is the analogous codon and codon position of the intron separating exons 3 and 4 in mammals (3, 4) . In lamprey, this intron interrupts codon 31 of mature IGF1 after the first nucleotide.
The overall lengths of the vertebrate Igf1 genes studied here varied over an ;16-fold range, from 8332 bp in the tetraodon to 130,143 bp in the coelacanth (Figs. 2 and 3; Table 2 ), with the major determinants being the much greater lengths of introns in the latter (ranging from 14,813 to 96,049 bp) ( Table 2) , which also is seen in other species with longer IGF1 genes (e.g., the anole lizard, frog, and turtle) ( Table 2 ). In addition, in contrast to the large variation in lengths of different parts of Igf1 genes among ray-finned fish, both exon and intron lengths were generally congruent in birds ( Fig. 2 ; Table 2 ).
DNA conservation among Igf1 exons was variable among the species studied. In terrestrial vertebrates, overall nucleotide sequence identities with different chicken exons were fairly high, ranging from 93% to 100% in the turkey to a range of 81% to 95% for the frog ( Fig. 2 ; Table 3 ), even though birds and anura diverged more than 200 Myr ago (39) . DNA identity also was nearly as high between the chicken and the coelacanth ( Fig. 2 ; Table 3 ). In contrast, there was minimal nucleotide conservation between chicken and lamprey Igf1 genes, the latter's ancestor being phylogenetically older than the coelacanth's (40, 41) . Among ray-finned fish, DNA similarities were variable, being highest for Igf1 exons 1 and 2 (84% to 97% identity in all) ( Fig. 3 ; Table 4 ) and exon 3 (86% to 97%, except for cave fish) ( Fig. 3 ; Table 4 ) and lower for exons 4 and 5 (with no measurable identities in more than half of the species) ( Fig. 3 ; Table 4 ). DNA sequence similarity also was high for the single Igf1 promoter among birds, ranging from 96% to 99% identity with the chicken, but was less conserved in other terrestrial species (91% to 98% over shorter DNA lengths) (Fig. 4A ). In contrast, among fish there was no measurable similarity with the chicken Igf1 promoter, but it was substantial with tetraodon, in which 91% to 99% DNA sequence identity was detected in the proximal promoter region of all but one ray-finned fish species (i.e., cave fish) (Fig. 4B ). Taken together, these results indicate that extensive diversification of potential promoter regulatory elements occurred during vertebrate speciation (but see analysis of gene promoters below).
Igf1 genes in terrestrial vertebrates
Unlike genes of other avian species, chicken and turkey Igf1 genes have a noncoding exon 1a interposed between exons 1 and 2 ( Fig. 1A and Fig. 2 ; Table 2 ). These two species are evolutionarily more related to each other than to the other birds studied (39, (42) (43) (44) (45) . Exon 1a, which appears to be alternatively expressed in one class of Igf1 mRNA in these species, interrupts the coding region within the signal peptide ( Fig. 1B and  1C) ; however, because there is another in-frame methionine codon in exon 2, transcripts containing exon 1a would still encode the same mature IGF1 protein, and the signal peptide would include the identical C-terminal residues (Fig. 1C) . Although DNA segments very similar to exon 1a are found in analogous locations in duck, zebra finch, and flycatcher Igf1 genes (Table 3) , they lack either splice acceptor, splice donor, or both DNA elements and thus would not be included in IGF1 mRNAs in the latter birds. Collectively, these results point toward the presence of an exon 1a in a common ancestor of these avian species, but perhaps not in other vertebrates, because no comparable DNA sequence was detected in any other genomes assessed here (Table 3) .
Igf1 genes in fish
At least one small coding exon is present in the Igf1 gene in all 11 teleosts studied here (e.g., exon 4: 31, 33, 36, or 78 nucleotides). A comparably sized Igf1 coding exon is found only in a single terrestrial vertebrate, the anole lizard (exon 4: 56 nucleotides) ( Fig. 3 ; Table 2 ). No analogous exon was detected in the coelacanth or lamprey ( Fig. 3 ; Table 2 ). These observations suggest that a different type of Igf1 gene may have emerged subsequent to the whole-genome duplication event that occurred in the common ancestor to all teleosts (46) .
In the annotation of the cod genome in Ensembl, exon 3 is defined as consisting of three separate exons separated by 1 and 2 bp, respectively (see the note in Table 2 ), which is inconsistent with all known mechanisms of mRNA precursor splicing (47, 48) . There is also no experimental evidence demonstrating that these are individual exons. Thus, these have been treated as a single exon in all analyses, especially because they collectively encode an open reading frame very similar to the Igf1 genes of other fish ( Fig. 5B and Fig. 6B ).
The cave fish is one of the teleosts with a different Igf1 gene structure, comprising six exons and five introns (Table 2 ). There appear to be two predicted classes of cave fish Igf1 mRNAs that either include or exclude exon 4. Exon 4 is 78 nucleotides in length and contains 26 codons, which are in frame with exons 3 and 5 and would contribute 26 amino acids to the C-terminal E peptide (see Fig. 7 ). The potential absence of exon 4 in some cave fish Igf1 transcripts would lead to an IGF1 protein precursor with a variant E peptide that is shorter than that detected in other teleosts (see the legend to Fig. 7 ). This specific type of alternative RNA splicing is not found in other vertebrates, and orthologues of 78-nucleotide cave fish exon 4 or 36-nucleotide exon 5 could not be identified in any other vertebrate genome studied here.
The organization of the spotted gar Igf1 gene appears to be substantially different from that of the other Igf1 genes examined, as it is predicted to contain eight exons and seven introns, including very small exons 4 through 8 (31, 25, 18, 49 , and 51 bp, respectively) ( Table 2) . DNA sequences similar to these exons could not be found in any of the other 20 vertebrate genomes analyzed here, with the exception of a 26-nucleotide stretch of exon 8 that was detected in cod Igf1 exon 5 (93% identity) and a 23-nucleotide fragment of exon 8 that mapped to coelacanth Igf1 exon 4 (96% identity). In contrast, homologous regions of 182-bp spotted gar Igf1 exon 3 were identified in all of the other species except for the anole lizard, frog, and lamprey.
Igf1 promoter structure and gene regulation in vertebrates
Functional experiments have identified portions of the two human IGF1 and rat Igf1 gene promoters that control their basal activity (20, (49) (50) (51) (52) ; functional studies also have characterized segments of promoter 1 and the noncoding part of exon 1 that mediate actions of several hepatic-enriched transcription factors on IGF1/Igf1 gene expression in the liver, including HNF-1, HNF-3, C/ EBPa, and C/EBPb (53) (54) (55) , and that serve as response elements for hormones that activate cAMP through the C/EBPd transcription factor (56, 57) . As noted previously, there is no equivalent to Igf1 promoter 2 in nonmammalian vertebrates. Although the homologs of vertebrate promoter 1 appear to be fairly dissimilar to those of their mammalian counterparts, there are a number of conserved features. Pictured in Fig. 8 are comparisons of the parts of proximal human and rat IGF1 promoter 1 and exon 1 that have been characterized as transcription factor-binding sites in mammals with the orthologous promoter regions in all 21 nonmammalian vertebrate species studied. Several of these DNA elements are conserved in the majority. For example, potential binding sites for HNF-3 or C/EBPd in distal exon 1 are found in 16 or 17 different vertebrates, respectively. In contrast, the most 5 0 HNF-1 site in promoter 1 is not present, and the more 3 0 site is detected only in the birds and turtle (Fig. 8) . Of note, except for the chicken gene (36) (37) (38) , no experiments have functionally evaluated Igf1 promoter function in any of the vertebrate species studied here.
In mammals, GH is the most important physiological activator of IGF1/Igf1 (58). Multiple GH-response elements have been identified functionally that bind the transcription factor Stat5b in a GH-activated way (28, 30) , and several have been detected in analogous positions within the IGF1/Igf1 locus in other mammalian species (13, 14, 59) . None of these elements appear to be present in the genomes of nonmammalian vertebrates, as analogues of the 209 to 351 bp regions containing these Stat5b sites in mammals (13, 14, 59) could not be identified through BlastN searches using the corresponding rat DNA sequences. This leaves open the question of whether or how GH stimulates Igf1 gene expression in nonmammalian vertebrate species. In fact, reports addressing these topics have reached variable conclusions (60) (61) (62) (63) (64) (65) .
Analysis of human IGF1 and chicken, frog, and zebrafish Igf1 genes for conserved DNA sequences in nonexonic and nonpromoter regions using the ECR browser revealed seven discrete segments that were 68% to 78% identical between human IGF1 and chicken Igf1 and that mapped from 18,844 to 52,921 nucleotides 5 0 to chicken Igf1 exon 1 (Fig. 2) . These DNA sequences were highly conserved among the birds, turtle, and anole lizard (85% to 100%) ( Table 5 ) and were located in relatively similar positions in the Igf1 loci of these species (Fig. 2) . However, they were not detected in frog, fish, or lamprey genomes, and none of these segments appeared to contain putative Stat5b binding sites. Moreover, to date, none of these regions have been tested functionally for enhancerlike transcriptional or other properties. 
Conservation and variation in IGF1 protein sequences among vertebrates
In mammals, the 70-residue secreted mature IGF1 molecule, consisting of four domains termed B, C, A, and D, is found within several classes of protein precursors that differ at their N-and C-termini (4, 14) . Among all terrestrial vertebrates studied here, the single IGF1 precursor is very similar to the chicken protein ( Table 6 ). Mature IGF1 is not only 70 amino acids in length in all of these species, but it also is identical among birds and additionally is 89% identical to human IGF1 ( Fig. 5A and 5C ). A single difference with chicken IGF1 was found in the turtle, five changes were detected in frog IGF1, and 13 were noted in the anole lizard ( Fig. 5A ; Table 6 ).
Mature IGF1 varied in length among the aquatic vertebrates studied, primarily because of truncation or expansion of the C-region (e.g., platyfish), although in the lamprey, the N-terminal part of the protein also included five extra residues ( Fig. 5B and 5C ). Except for the B-domain, which was fairly well conserved, amino acidsequence similarity was reduced among the 11 ray-finned fish and coelacanth compared with birds, amphibians, or reptiles ( Fig. 5B ; Table 7 ).
There are two different IGF1 signal peptides in mammals, resulting from alternative promoter usage, in which each promoter is linked to a specific leader exon (4, 14) . Because no promoter 2 has been detected in nonmammalian vertebrates, there is a single class of signal peptides, ranging in length from 40 to 50 amino acids, that is derived from exons 1 and 2 in all species ( Fig. 6A and 6B ; Tables 6 and 7) . A 48-residue signal peptide similar to that encoded by mammalian exons 1 and 3 has been well conserved among birds, with at most two amino acid substitutions among the five species evaluated ( Fig. 6A and 6C ; Table 6 ). Less similarity was observed among other terrestrial vertebrates. More divergent signal peptides also were found among the fish and lamprey, with variations observed in length (40, 44, 46, 48 , or 50 residues, plus an extended alternative amino terminus seen in the cave fish) (Fig. 6B and 6C ), and in amino acid sequence identity (minimal for the spotted gar and lamprey vs the tetraodon) ( Fig. 6B and 6C ; Table 7 ). It is not known how any of these alterations might affect signal peptide function because, except for the chicken, IGF1 protein biosynthesis and progenitor processing have not been examined experimentally (36) . Mammals express IGF1 protein precursors with different C-terminal extensions or E peptides (4, 14) . These are composed of a common E region and either an E A , E B , or E C segment that are encoded by different single 3' exons or different combinations (4, 14) . The pattern is radically different in nonmammalian vertebrates. Terrestrial species and the coelacanth encode very similar common E regions and E A peptides that appear to be homologous to those found in mammalian genomes and, as in mammals, are nearly all 16 and 19 amino acids in length, respectively (the exception is the anole lizard, with an E A segment of 31 residues) (Fig. 7A) . These portions of the IGF1 protein precursor also are highly related in amino acid sequence, with the common E domain being identical in nine species and the E A peptide having only zero to four substitutions, except for the greater length in the anole lizard ( Fig. 7A; Table 6 ). In contrast, the common E segment in ray-finned fish and the lamprey was more divergent, although in the spotted gar, tilapia, and cod, there were only two, three, and four amino acid differences with the chicken, respectively ( Fig. 7A ; Table 7 ). Unlike in terrestrial vertebrates and the coelacanth, in the genomes of ray-finned fish, an IGF1 E B -like segment was encoded by exons 3, 4, and 5 in eight species (the fugu, tetraodon, stickleback, medaka, cod, tilapia, Amazon molly, and platyfish), by exons 4 and 5 in the zebrafish, by exons 4 to 6 in the cave fish, and by exons 4 through The numbers at the nodes indicate fractional differences, with 0 representing the highest levels of similarity. The length of each branch approximates the evolutionary distance. Note that the IGF1 signal peptide in the coelacanth is more similar to that of other fish than is the mature IGF1 and that the lamprey is the outgroup in both comparisons (see Fig. 5C ) 8 in the spotted gar. Although dissimilar in amino acid sequence to the human IGF1 E B domain and of different lengths, E B segments in fish also are enriched in basic residues ( Fig. 7B ; the cave fish also has a potential alternative E B peptide that lacks 26 N-terminal residues). Moreover, unlike in mammals, the C-terminal 19 amino acids of the E B region matched the sequence of the E A domain, and these residues were very similar to those in E A segments of terrestrial vertebrates (Fig. 7B ).
Discussion
Igf1 genes in vertebrates This study was undertaken to explore evolutionary aspects of IGF1 gene structure using public databases to gather information from the genomes of 21 nonmammalian vertebrate species representing five different classes and spanning ;500 Myr of evolutionary diversification. In mammals, IGF1, a small secreted protein, plays a key role in mediating somatic growth in juveniles by functioning as a critical agent for the actions of GH (7) (8) (9) (10) . In these species, IGF1 also participates in metabolic regulation and tissue repair in adults (11, 12) . The genomic data presented here suggest that unlike in mammals, in which a 6-exon, 5-intron IGF1/Igf1 gene encodes multiple mRNAs that are translated into several IGF1 protein precursors (4, 18) , in most nonmammalian vertebrates there is a single class of transcripts and one protein progenitor. As in mammals, the genomes of all 21 nonmammalian vertebrates examined here also contain single-copy Igf1 genes; however, unlike in mammals, they appear to be organized into two broad structural categories ( Figs. 2 and 3 ; Tables 2-4). One class of genes, found primarily in terrestrial vertebrates, is composed of four exons and three introns (except for the chicken and turkey, both of which contain an alternatively expressed exon 1a), whereas the other major group, represented by ray-finned fish but also the anole lizard, contains five exons and four introns, with an additional small and poorly conserved coding exon located 3 0 to exon 3 ( Figs. 2 and 3 ; Tables 2-4 ). In addition, the genomes of two of the ray-finned fish examined, the cave fish and spotted gar, encode Igf1 genes with extra exons compared with other species (Fig. 3 ; Table 2 ); with minimal exception, homologs of these additional exons are not found in other vertebrates.
Although Igf1 genes in these terrestrial vertebrates, fish, and lamprey have more extensive diversity than the genes in mammals, they share a number of common features with mammals. In all of the species studied, a large intron separates the two exons that encode the mature IGF1 protein (exons 3 and 4 in mammals and 2 
IGF1 proteins in vertebrates
Structural features of IGF1 protein precursors also appear to have been maintained between nonmammalian vertebrates and mammals. In most mammals (4, 14) and in most terrestrial vertebrates studied here, a similar signal peptide of 48 amino acids is present (Fig. 6A ) that is substantially longer than the typical signal sequences of 20 to 25 residues found in most secreted proteins (66, 67) . Longer-than-normal IGF1 signal peptides also were found in all of the other vertebrates evaluated (Fig. 6B) , suggesting that this unusual conserved feature plays a functional role in IGF1 biosynthesis. In addition, in mammals, in all terrestrial vertebrates analyzed, and in the coelacanth, the IGF1 precursor contains a C-terminal extension consisting of a conserved N-terminal segment of 16 amino acids, termed the common E peptide, and an equally conserved 19-residue C-terminal component, the E A domain (Fig. 7A) . Although the common E peptide is more divergent in ray-finned fish than in the other species, it still consists of 16 amino acids in most species (Fig. 7A) . As a consequence of both a longer exon 3 and interposed exon 4, the fairly well-conserved E A region in c E A domain is longer than the chicken's (see Fig. 6 ). Fig. 5 ).
b E B domain is different length (see Fig. 6 ) c Mature IGF1 is longer (see Fig. 4 ).
d E A domain is different length (see Fig. 6 ).
e Two different signal peptides and E B domains. teleosts has been offset to the carboxyl terminus by a 31-to 39-amino acid segment rich in charged amino acids like the E B region in mammals (Fig. 7B) . This E B -like portion of the IGF1 progenitor is more divergent in the cave fish and spotted gar, the two nonmammalian vertebrates with the most variant Igf1 genes (Fig. 7B) . Mature IGF1 in most mammals is a 70-amino acid single-chain protein (4, 14) that is composed of four domains, termed B, C, A, and D, that are closely related to the analogous regions of IGF2 (4). The former three regions also are analogues of the B, C, and A chains of proinsulin (68) . The B and A domains are highly similar among the 21 nonmammalian species studied here and are fairly well conserved with mammalian IGF1 (Fig. 5A and 5B). In contrast, the C segment is divergent in both amino acid sequence and length ( Fig. 5A and 5B), perhaps consistent with its primary role as a linker separating and organizing the three-dimensional structure of the B and A domains (68) .
Igf1 gene regulation during speciation
Although proximal Igf1 gene promoter regions differ among nonmammalian vertebrates (Fig. 4) , fairly extensive DNA sequence identity in most species at discrete transcription factor-binding sites for HNF-3 and C/EBPd has been defined functionally in mammals (53) (54) (55) , as well as in birds at a site for HNF-1 and C/EBPb (Fig. 8) . These data suggest that conserved and common transcriptional mechanisms may regulate some aspects of Igf1 gene expression in the majority of nonmammalian vertebrates and that these functional features are evolutionarily ancient, although this hypothesis needs to be tested experimentally.
One surprising outcome from analyzing these vertebrate Igf1 genes is the apparent absence of GH-regulated Stat5b-binding enhancer elements similar to those found in mammals (13, 14) . Thus, although GH is thought to be involved in the molecular physiology of growth and potentially in Igf1 gene regulation in nonmammalian vertebrates (60) (61) (62) (63) (64) (65) , the mechanism of GH action is apparently different from that in mammals. However, because recent examination of multiple mammalian genomes has revealed that marsupials and monotremes also do not share the cohort of dispersed Stat5b DNA elements found in the IGF1/Igf1 loci of other mammals (14) , it is possible that Stat5b-binding sequences are located elsewhere in Igf1 loci in nonmammalian vertebrates or that GH activates Igf1 via other transcription factors. Alternatively, because GH does not appear to robustly stimulate Igf1 gene expression in several of the vertebrate species examined here (64, 65) , it is possible that GH regulation is a more recent mammalian adaptation (14) . Because it is now possible to construct chimeric cell lines containing a specific Igf1 gene and locus and use them to study regulation by GH (59, 69) , these hypotheses and others may be tested directly. For example, experiments could be performed to determine whether the evolutionary conserved elements between human IGF1 and avian Igf1 loci (see Fig. 2 ) play any roles in transcriptional control of Igf1 gene activity in the latter species.
Igf1 and whole-genome duplication events in teleost progenitors
Substantial evidence supports the idea that duplication of the entire genome occurred in a common ancestor of extant teleosts ;320 to 350 Myr ago (46) and that this event was followed by rediploidization to various extents in the precursors of different modern teleost lineages (46) . For example, ;20% of duplicated genes have been retained in zebrafish as paralogues (70) , but only 1% to 5% in the fugu or other pufferfish (71) . From the analyses performed here, Igf1 does not appear to be one of these paralogous genes, and there is no evidence that even a portion of a duplicated Igf1 gene has been retained in any of the 11 species examined here. In contrast, there are two Igf2 genes in zebrafish but a single Igf2 in the fugu, tetraodon, and spotted gar. Nevertheless, there is evidence for divergence in Igf1 gene organization between fish and terrestrial vertebrates, as indicated by the presence of a small coding exon 4 in all of the teleosts studied here but in only a single nonaquatic nonmammalian vertebrate, the anole lizard (Table 2 ).
Maximizing utility of genome databases
Publically available genome databases contain abundant information about different genes from many different animal species, yet much of these data have not been fully annotated or evaluated in detail. Although information for most of the vertebrate Igf1 genes examined here was present in their genomes, it was either incompletely or incorrectly annotated in the Ensembl and UCSC browsers. It seems likely that many other genes in genome databases are not described accurately, raising the possibility that a focused study will provide many new insights into gene conservation or variation during speciation.
Although DNA sequence polymorphisms are defined primarily in humans (72) , it seems likely that an extensive range could be found in nonmammalian vertebrates if enough genomes from different individuals were studied. In fact, in chickens, a number of polymorphisms have been identified within the Igf1 locus, and these sort with traits related to somatic growth, weight gain, muscle weight, and/or abdominal fat (73) (74) (75) (76) (77) (78) . Conceivably, as in humans, some of these alterations could modify gene expression if located within promoters, enhancers, or other regulatory elements (79) . Single-nucleotide polymorphisms, DNA insertion-deletions, or copy-number variants may also play roles in population fitness or in other adaptations to changing environments; if present in multiple species, this may support a hypothesis regarding their contributions to the organismal fitness of evolutionary progenitors.
Key conclusions
Exon-intron organization is more similar to mammalian Igf1 genes in birds and other terrestrial vertebrates than in fish. Igf1 genes in nonmammalian vertebrates have a single promoter equivalent to mammalian promoter 1. Some regulatory DNA sequences functionally mapped to proximal mammalian promoter 1 are conserved in nonmammalian vertebrates, but dispersed Stat5b-binding elements that control GH-activated Igf1 gene transcription in mammals could not be identified in the vertebrate genomes studied here. The large signal peptide and mature IGF1 protein have been conserved in both mammals and nonmammalian vertebrates, but the C-terminal E B domain of the IGF1 precursor has diverged in teleosts and is absent in terrestrial vertebrates.
Final comments
The complex role of IGF1 in normal physiology and in disease pathogenesis is potentially reflected in its complicated structure and its variable patterns of expression in different cell types, tissues, and organs (15) (16) (17) (18) . Conservation of aspects of the Igf1 gene and of IGF1 among the 21 nonmammalian vertebrates analyzed here suggests that common, functionally important components may have been present in some of the evolutionarily earliest vertebrates (80, 81) , an idea that, upon further investigation, may provide new insights into the comparative biology of IGF1 expression and action.
